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By Theodore Theodorsen and Irven Naliman
SUMMARY

Selected pressure~distribution dlagrams for =a
number of conventional and specigl airfoils arse Pre- -
sented, The conventional airfoills include the )
KacA 22«, Lli~, and 230-series airfoils and the Clark Y.
family. The special airfoils comslst of circular-arc
sections of several thicknesses and curvatures and a
nunber of synthetic girfoils, including several with
‘zero- moment coefficlent. The pressure distributions
are in most cases given for several 1ift coefficlients
including that at the ideal angle of attack.

INTRODUCTION

In the last decade the importance of obtaining =a
amooth and continuous pressure distributlion on an air-
foil has been increasingly recognized. With improve-
ments in the experimental technigue of measuring pres-
sure distributions, the agreement between experimental
and theoretical pressure distributions has steadily
improved. A low-drag airfoil has a distribution which
is in almost perfect agreement with thsoretically calcu-
lated values, since little allewance has to.be ‘mads for
the boundary layer. Furthermore, it 1is possible to
determine by inspection in what manner an alrfoll may be
improved,. particularly if peaks. or fluctuations are
evident\in ‘the pressurs curve,

The early development of the pressure-~distribution

theory 1s contained in the works of Munk and Glauwert.
The theory of arbitrary, thick airfolls was published,
in 1931 (reference 1l). PFurther details of the theory
of arbltrary airfoils were presented in reference 2,
particularly in regard to the calculation of moment
coefficients.



2 - . e - - “NACA TN No. 1016

The present paper containsg an analysis of threo -
groups of glirfolls with their agsoclatsed pressure dis-
tributions; that is, conventionel airfoils, clrcular-arc
airfoil sections, and synthetic airfoils, including -
severagl with zero moment coefficient, The purpose of
this paper 1ls to present data on a wide selection of
alrfoells thatare suitable for general purposes or as
a baslis for varistlons,

METHOD = . T o= T

Conventional airfoils,~ The alrfoil pressure dls-
tributions Ior the conventional airfolls are computed .
by the method of references 1 and 2, The symbols and B
formulas of—this method are given in re ference 3 and are
repeated haerein for convenience. _ _ O ) -

X, ¥ . coordinates aof girfoil; origin at center of air-
foil and chord line of anproximately L units
along x-axis

9 "2 gin®0 = p + p2 + y2 where p = 1 - (g) - (%) ~
V4 2 sinh®Y = - p + v§2 + y2, Since y 1is generally _
small for alrfolls, sinh V¥ = I mnay be
2 sin ©

preferable, Near uhe leading (or trailing)
edge WV ‘is given approximately by V= V =
where O 1s the radius of curvature at the

leading (or trailing) edgs o LT

" 2w . . ' L

ty - _ 1 Q - O . .
€ (@) = -5=. W(@)cot-——z—— ao
0 : . o : ——
. de ‘ v
¢! obtalned graphically from ¢€,6 curve (21-5) .
! obtained graphically ffom W,Q_éﬁrvelf(%%) .

Nof s

2 S
v j\ Y(®) A9 = Constant
0
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angle of attack with respect to x-exis

angle of. zero 1ift, given by value of € for § = w

— (value of: k is

ratio of local velocity at alrfoill surface to

[sin (¢ + @) + sin (a + g)])_

ratio of local superstream pressure to dynamic

pressure (the term "superstream pressure' is

and static pressure in undisturbed uniform

1 - (%)2 end q = %pvé)

gsegment of x-axls jintercepted by airfoil boundary.

C.

¥, -
L -8m° v (a + B)
Loor? )

point deéignated the focus of the alrfoill.
The -complex constants. c¢j. and cp may be’

paw , o
'JP Y(P)(cos ® + 4 sin @) d®@ T .-
O . B

a
[
Yy .
e = e °(1 + ¢
\/ (sinhz\’rf+ sin2é>(1 + \lf'z) -
independent of angle of attack)
v _
v zniform stream weloclty
k
R
a
t Y B -
.s remn)(é
¢
CL 1ift coefficient (?sz
B
de fined as
ey =;meia
= Ay + iBl
'Wo
=T
2
_ eawo
R

0

Y(@)(cos 29 + i sin 29).49
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Then. : . : , R
é 0,2
2y = 1 4 —Ee
b ¢ 1 P + Co.
8o that 5 _
: 2 2 | | S
A - B
ph = (g T+ A%) + (AlBl + 32)
and ' - -
_ L -1 AlBl * Bg
o= tan 5
2 A12 - Bl_
1+ ==+ A .
2 2

Then the complex coordinate of F . is

2
meld 4+ B gl(2y - B)
e ’0

1l

o _ - moment at F, constant for all angles of attack
(ZWQbEV2 sin 2(y - B))

CMF mcment coefficiént referred to P

ey + €q
ar ldeal angle of attack Bl —

where €y and €p denote, respectlvely, the

values of € at~the nose and tmil; that 1s,
at 86 =0 and 8 = w, respéctivel;j

Circular-qarc sections.- T oréer to obtzin the
clrcular-arc sections the Karmen- Trefftz transformation

1s used; that 1is,
£ + na _ -
g"'na Z—a :

where § 1s the complex coordinate in thé physical plane
and z--18 the complex coordinate in the cirele plane,
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If the center of the circle is on the y-axls at a tan B,

two circular arcs.are given in the physical plane. For
=2 this transformatlon reduces to the Joukowsky

transformatlon and the-circular arcs are c¢oincident.

The y-coordinates for the upper and lower surfaces at

the center of. the eircle are S : o e

= t2(1 '
Yy~ na cot 3 -
Vi, = -na cot = < + %)

and the percent thickness is given by ' . . _—

tsz'YL
2n —
= [cot—é—- >+cot-—(ﬁ+ﬁ>
sin:nz

N . e :
cés nB - cos:ni . . ) : _

The 1deal 11ft coefficient, the 1ift coefflcient at the )
ideal angle of attack (a = 0°), is given by T — ip——

%
LT
CLI = %;'tan g.

These two equations may be used to determine both n .
and p for a specified thickness and 1ift coefficienﬁ. S

Ir S | | “-:___;
2z [Ltocos (@ - p)I® . s
: 1 - cos, (cp + B) _

then the x-coordinate is . ————

X =% S/ -
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where - - T . e - — - .“
1 v

[ = = .2 - -

M=p+ m cos n(2 E) B
for tke upper surface and for the lower surfagce 1f— +f 'a ;
is substituted for -pB. The y-coordinates for the upper ~ __
and lcwer surfgces are.. B B ' o

s _ 2na _. T
yU ----—-—-M sSin n(;; >
yL=-§-1:lM—-a sin n< + {3)
The veloclity 1s given by

v _ (%in @ + sin B\2

= =M

v n coes p

uynthetic ailrfolls,.- The synthesized alrfails are o
fully defined by the VY-function, or T ¥

V= Yy + Ay cos (P - 81) + Ay cos (29 - 6p) + ... L
from which - o . o : : ;_}_1ﬁ

€ = Ay -sin (o - 61) + Ap sin (29 - &)+ ...
The ordinates are glven by

2a cosh V¥ cos © _ . -

i

X

i

y = 2a sinh ¥ sin O
and the veloclty by

[sin (¢+ @ + sin (a +mﬁﬂe¢b

. : N T 2
G| |

where B = €. The value of €&p may be obtained by
solution of -the ¢~eguation if @ = 0 +-¢ gnd

v -
v

€= Ay sin (8 + € - 87) + Ay sin (20 + 2¢ - 62) + ...
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For ET"

D
i
2

and

This transcendental equation must be solved by
successive approximations. The method is rapidly
convergent. : .

RESULTS

The results are presented in the form of a composite
figure for each airfoll. Each figure contains a sketch

of the alrfoil contour in the upper left-hand coriner snd

the pressure distribution for a 1ift coefficient of 0,
0.1, 0.2,0.3, 0,5 1.0, 1.5, and the idesl 1ift. For the
clrcular -arc airf01ls the pressure dlstribu+ions are
given for the 1dsal 1ift only.

Conventional sirfolls.~ The first group of airfoils
camprises some wnich are in guite geommon use dbut for

which no complete set of pressure distributions has been

published, It 1s deslrable tec have the »ressure distri-
butions of these ailrfoils on récord since they form

convenient references. tor use or modification of_ the air- ]

foils. This groun of airfolls consists of the NACA 22-,
Ii~, and 230-series sirfoils (figs.,l to 5, 6 to 11,

alrfoils (Figs. 19 to 30). Ordin T G -

and 12 to 18, respectively) snd the Clark Y family of Aég:j”’

and | ies airfoils are zi in reference li and of
‘ACA 250~-series, in reference 5, For the Clark Y
femily of airfoils, a designation of bthe form CY(c)-t is
adopted, where the letters CY asre the identifying
inltials, the letter within the parentheses represents
the percent maximum camber at o percent chord, and the
last lestter represents the percent maximum thickness
at 30 percent chord. 1In the notation used herein the
original Clark Y airfoil vecomes CY¥Y(3.576)~11.7. The
basic camber and thickness dilstributions of the CGlark Y
family are given in taeble I. In the generation of all
alrfoils of the Clark Y family, the cember and thickness
are measured perpendlicular to the chord line.
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There are several subgroups in the Clark Y family.
In figures 19 to 25 are airfolls of the standard flat-
bottom type obtained by multiplylng both the camber e L
and thilckness ordinates by the same ratio. The airfoil
shown in flgure 1G is the original Clark Y airfoil
[cY(3.576)~11.7]. Pigures 26 and 27 glve the Clark Y M
alirforl 1in which the camber remalns constant and
ldentlcal to the original Clark Y airfoil and the
thickriess 1s the only variable. In flgures 28 and 29 .
the standard thickness of the Clark Y airfoill is malntained
and two values are used for the camber; In figure 30
the cember of the alrfoil 1s the same as that of the alr-
foll in figure 29 but the thickness was decreased to
6 percent. S

Circular-arc sections.- The second group of alrfoils,
figures-51 to Jl, 1s a gollection of circular-arc sec-
tions obtained by the Karman-Trelfftz transformation.

These alrfoils are designed for idegl 1ift coefficients
of 0.1, 0.25, 0.5, and l.O, and the ailrfoll shape and
pressure dlstribution are given at O0-, 5-, 10-, and
15=-percent thickness,

Synthetic airfolls,~ The third group, figures 35
to 1,9, shows examples of dirfolls constructed in accbrdance
with the method of the last sectlon of reference 2., In
figures 35 to L1, examples of. airfolls are presented
containing only one harmonic .

¥ =Y, + A3 cos (@ - 5;)

Such examples are interesting in that they demonstrate
how far it 1s nracticable bto obtain airfoll shapes '
based on only one harmonlc., It appears from the results.
that for one harmonlc a phase angle of h5° glves the
beat alrfoil shape. :

In figures L2 to L7, the generating function con- .
tains first and second harmonics

V=¥, + A1 cos (9 - 81) + Ao sin 29

Por these alrfoils the constants are chosen to generate
airfolls with zerao moment —coefficient exclusively.
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In figures 48 and L9, two examples are shown with
functions combaining first, second, and fourth Irsrmonlics,
with the constants agl'n chosen =6 give zero moment o

coefficients; . Since the fourth hermonic doss not sffect
the moment coefficisnt, a cértain freedom in rearranging

the pressure cistridubion at will is afforded. - :

Langley Memoriél Aeronautical Laboratory ., . .-
National Advisory Committes for Xprohautices” -
Langley Fisld, Va. , September 13;;19&5 ’
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TASLE I | S _
MEAN-C ALBER AND SEMTTHICKNESS ORDINATES FOR FAMILY
OF AIRTOILS BASID ON CLARK Y SECTION

[All values are glven in percent wing Qhord]

Station Mean-camber ordinate : Semithickness
0 | 0 0
1.25 .0822 o .150L
2.5 ' .1597 ©:2150
5 3040 2979
7.5 | 1189 -3513
10 .5185 | .'.3925
15 ' 6312 ' 50l
’ 20 | 8062 4842
- 30 | 9457 .5000
Lo | _ 1.0600 : L4872
50 .9732 196
60 .8778 .3910
70 « 7225 311
80 .5207 o 2231
90 - .2785 .1197
. 95 .1L35 . 0637
100 o} ' 0
) ' L.E. radius: 0.009t2; T.=2. radius: 0.005%

NATTONAL ADVISORY o |
COMNITTEE OR AERONAUTICS ~ =~ S
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Figqure 7 .- Shape and pressure distribution for NACA 4409 airfoil.
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C.=0.612
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Figure 8.-Shape and pressure distribution for NACA 4412 qirfoil

NATIONAL ADVISORY
COMKITTEE FOR AERONAUTICS
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Figure 9.~Shape and pressure distribution for NACA 4415 airfoil. _
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COMMITTEE FOR AERONAUTICS
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Figure 11.~Shape and pressure distribution for NACA 4421 airfoil.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS



Fig. 12 " NACA TN No. 1016

C.=0.334
o=1.78°

Cu, =~ 0.0108 | ,F/ Idedl lift

y, percent chord
8 o
(
04

| - =0 -Ar
E oe=-fli*
g Oy 7 + ——— + \} : ‘
!
g
- C=0l .
o=-0.24
g e
T O

7

p/g,

PA,
o

0 20 40 60 80 100 0 20 40 &0 80 100
X, percent chord x, percent chord
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Figure 13.- Shape and pressure distribution for NACA 23009 airfoil.
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Figure 14.- Shape and pressure distribution for NACA 23012 qirfoil .
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Figure 17.- Shape and pressure distribution for NACA 23021 airfoil.
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Figure 21.- Shape and pressure distribution for Clark Y-8 airfoil, CY (2.445) - 8.
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Figure 35.- Shape and pressure distribution for synthetic airfoil; W =0.05 + 0.05 cos (p-45%).
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Figure 37.- Shape and pressure distribution for synthetic airfoil; W =0.08+0.1 cos (¢ -45°).
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Figure 39.- Shape and pressure distribution for synthetic airfoil; ¥ =0.12+0.1cos (p-45°).
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Fiqure 42.- Shape and pressure distribution for synthetic airfoil;

¥ = 0.0804 + 0.09cos { - 30°) + 0.02625in2¢.
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Figure 44.- Shape and pressure distribution for synthetic airfoil;

V= 0.0996 + 0.1 cos (¢ -30°)+ 0.02845in2¢.
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Fiqure 47.- Shape and pressure distribution for synthetic airfoil;
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Figure 49 .- Shape and pressure distribution for synthetic airfoil;
¥ = 0.0897 + 0.08cos (9 -30°) + 0.0237sin2¢ + 0.0l cos 49.
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